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AFM Indentation Reveals Actomyosin-Based Stiffening of Metastatic Can-
cer Cells during Invasion into Collagen I Matrices
Bryant L. Doss, Jack R. Staunton, Stuart M. Lindsay, Robert Ros.
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Atomic force microscopy (AFM) is a widely used technique to directly probe
the mechanical response of mammalian cells to external forces to determine
their elasticity. To date, the majority of AFM-based studies are limited to cells
that are adhered to flat substrates, however these measurements lose informa-
tion regarding cell mechanobiology in a physiologically relevant 3D microen-
vironment. We have performed combined AFM indentation and confocal
fluorescence measurements on MDA-MB-231 metastatic breast cancer cells
which have either partially or fully invaded into polymerized bovine collagen
I matrices. In order to interpret the raw data from the experiments to determine
the cells’ elastic modulus, we have developed numerous analytical and simula-
tion techniques. A sphero-conical tip geometry to represent an AFM probe with
a spherical cap transitioning to a cone is derived and applied to analyze deep
indentations into the cell-collagen layer. For partially invaded cells, a general-
ized bonded two-layered elastic half-space model is numerically solved to
assist with decoupling the mechanical response of the collagen matrix from
the cell. For fully embedded cells, finite element analysis is used to simulate
an AFM indentation to extract their elastic moduli. Using these techniques,
we demonstrate that the elastic modulus of MDA-MB-231 cells significantly
increases by ~80% as they invade into collagen compared to cells on glass
and cells on top of collagen. Inhibiting ROCK decreases the rigidity of cells
on a surface as well as the magnitude of stiffening during invasion into
collagen. These results corroborate recent actomyosin-based rounded cell
motility models in 3D and demonstrate the ability of AFM to study cell me-
chanics in tissue-like environments.
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T cell activation is critical for the adaptive immune response in the body. The
binding of the T cell receptor (TCR) with antigen on the surface of antigen pre-
senting cells (APC) triggers signaling cascades and cell spreading. Physical
forces exerted through the TCR have been shown to induce signaling events,
but the origin of how these forces are generated and maintained is unknown.
Here, we use traction force microscopy to measure the forces exerted by Jurkat
T cells during TCR activation. We used anti-CD3 coated elastic polyacryl-
amide gels to stimulate Jurkat T cells and measured the spatially resolved trac-
tion stress map exerted by these cells as they were activated. Perturbation
experiments revealed that stresses were largely generated by actin assembly
and disassembly and regulated by the flow speed of actin. Our experiments
further suggest that TCRs are structurally linked to the actin cytoskeleton
through the Arp2/3 complex. On the other hand, we found that myosin II motor
activity was dispensable for maintenance of traction stresses, but was important
for traction stress generation. Finally, we investigated calcium influx in Jurkat
T cells when activated on substrates of physiologically relevant stiffnesses. Our
results highlight the importance of cytoskeletal forces for receptor activation in
T cells.
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The directed migration of cells in response to chemical cues, known as chemo-
taxis, plays a critical role in normal physiology and disease pathogenesis.
Knowledge of the molecular mechanism of chemotaxis is critical to our under-
standing of the process of metastasis and for developing new therapies to pre-
vent it.
During chemotaxis ‘front’ proteins are recruited to extending pseudopods,
which themselves are concentrated at the cell’s anterior. Conversely, ‘back’
proteins dissociate from nascent pseudopods.
The Ras/TorC2 pathway has recently been shown to be important for chemo-
taxis in Dictyostelium. A similar conserved mTORC2 pathway has since
been shown to play a role in neutrophil chemotaxis. The discovery of the
importance of this pathway in chemotaxis challenges the conventional linear,
PIP3-centric view of chemotaxis, in favor of a model involving a complex
network of parallel pathways connected via feedback mechanisms.
In an attempt to decipher the mechanism of chemotaxis we generated pairwise
mutations activating front protein RasC, and inactivating back-protein PTEN.
Here we report that this combination of RasC and PTEN perturbations trappedcells in a globally activated or ‘front-state’. Front-state ‘‘clamped’’ cells in
Dictyostelium were extremely spread and flattened. Most surprising was the
susceptibility of these altered cells to death by cytoplasmic fragmentation.
Front state clamped cells displayed global elevations of front protein signaling
at the cortex. Levels of actin-binding probe GFP LimE at the cortex of front-
state cells were elevated, as they were at the peak of the chemotactic response
at the tips of pseudopods in control cells.
The promise of this research is rooted in our discovery of a potentially specific
vulnerability of eukaryotic cells with a combination of mutations to PTEN and
Ras; two genes commonly mutated in human cancers.
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Acute Mechanical Stimulation Activates the Chemotactic Signaling
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Cells migrate in a directional manner in a variety of conditions, including
chemoattractant gradients, electric fields, or under the influence of shear
flow. Chemotaxis, or directed migration up a chemical gradient, is the best
understood of these processes, and involves activation of multiple parallel
signal transduction pathways that transmit the input from the chemoattractant
receptor to the cytoskeletal network, leading to biased pseudopod projection
in the direction of the gradient. Many components of the chemotactic
signaling network display a polarized distribution in migrating cells. Although
some of these markers have also been observed in cells migrating in an
electric field or under shear flow, it is unclear whether these processes involve
activation of a similar signaling network, or how they trigger cell migration.
We found that acute mechanical stimulation of Dictyostelium cells leads
to phosphorylation and activation of multiple components of the chemotactic
signaling network, including PKB and ERK. Furthermore, using a micro-
fluidic device, we demonstrated that application of shear flow for two seconds
triggers translocation of leading and lagging edge markers to and from the
cortex, respectively, similarly to global stimulation with a chemoattractant.
Remarkably, the signaling network activated by acute mechanical stimula-
tion displayed many behaviors characteristic of the chemotactic signaling
network, including a refractory period, which is indicative of the system’s
excitatory nature. Simultaneous inhibition of multiple signaling pathways,
including PI3K, PLA2 and TORC2, did not block the response to acute
mechanical stimulation. In contrast, the response depended on the presence
of an intact actin cytoskeleton, as well as Ca2þ flux mediated by the IP3
receptor homolog. Overall, these findings provide insights into the mechanism
of shear stress induced migration, as well as a novel approach for studying
the properties of the chemotactic signaling network without input from a
chemoattractant.
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Pancreatic ductal adenocarcinoma (PDAC) annually affects 44,000 people in
the U.S. and has an abysmal five-year survival rate of around 6%, which is
nearly unchanged over the past 40 years. Pharmacological strategies for treat-
ing cancer have primarily focused on inhibiting cell growth through specific ge-
netic pathways, which typically either fail to abolish the disease or lead to
compensatory regulatory changes and subsequently, to drug resistance. Impor-
tantly, alterations in mechanical properties are a common feature of cancer
cells, yet targeting cell mechanics remains an under-utilized approach for
drug development.
Here we develop a system for targeting cell mechanics for the discovery of
novel therapeutics. We designed a live-cell, high-throughput chemical screen
to identify mechanical modulators in Dictyostelium discoideum. We character-
ized 4-hydroxyacetophenone (4-HAP), which increases the cellular cortical
tension by enhancing the cortical localization of the mechanoenzyme myosin
II, independent of myosin heavy-chain phosphorylation regulation. To shift
cell mechanics, 4-HAP requires myosin II, including its full power stroke.
We further establish that changes in key cytoskeletal protein distributions
correlate with the changes in the biomechanical profile of PDAC progression.
In addition to actin-crosslinkers, we detect that non-muscle myosin II distribu-
tions vary across PDAC states: specifically myosin IIA increases, myosin IIB
decreases, and myosin IIC increases in metastatic cells. We further demonstrate
that invasive pancreatic cancer cells are more deformable than normal
